We report the formation of breath-figure (BF) patterns with amino-functionalized cavities in a BF incompatible polystyrene (PS) by incorporating functionalized alumina nanoparticles. The particles were amphiphilic-modified and the modifier ratio was regulated to achieve a specific hydrophobic/hydrophilic balance of the particles. The influence of the physical and chemical properties of the particles like particle concentration, the hydrophobic/ hydrophilic balance, etc., on particle dispersion in solvents having different polarity and the corresponding changes in the BF patterns have been studied. The amphiphilic-modified alumina particles could successfully assist the BF mechanism, generating uniform patterns in polystyrene films with the cavity walls decorated with the functionalized alumina particles, even from water-miscible solvents like THF. The possibility of fabricating free-standing micropatterned films by casting and drying the suspension under ambient conditions was also demonstrated. The present method opens up a simple route for producing functionalized BF cavities, which can be post-modified by a chemical route for various biological applications.
Introduction
Micropatterned polymer surfaces with functionalized cavities have been of great research interest during the past decade due to their potential use in several advanced applications. [1] [2] [3] [4] [5] Indeed, the fabrication of materials having specific surface functionalities with a controlled distribution is a challenging field of research. Functionalized cavities can be conventionally obtained either by a multi-step approach often called the ex situ process 6, 7 or by a single-step method called the in situ generation. 8, 9 The ex situ process involves post-modification of pre-fabricated non-functionalized cavities by different chemical reactions or by grafting techniques. However, the in situ generation process has been gaining more attention since it avoids the difficulty in the ex situ approach due to the involvement of a multi-step process and the complexity of chemical reactions.
The breath-figure (BF) technique, a facile dynamic templating method wherein self-organization of water droplets is exploited for phase separation in a polymer solution and formation of micropatterned films, offers a convenient, cost-saving and versatile procedure for in situ generation of functionalized micropatterned polymeric surfaces. [10] [11] [12] Although the single step process of 'in situ' functionalization of polymeric patterns is a viable approach, the process is limited to the polymeric or amphiphilic structures which are compatible with BF formation. 13, 14 In addition, the functionalities were found in the rest of the film. The blend of polymers could achieve a specific distribution of its different components within or out of the cavity. 15, 16 Alternatively, functionality enrichment inside the cavity of a patterned polymer film was obtained by utilization of self-assembly of functionalized nanoparticles. 3, 17 They were generally prepared by dispersing or in situ generation of inorganic nanoparticles in a BF compatible polymer. It is well known that the condensed water droplets on the cool surface of the polymer solution arrange hexagonally by thermo-capillary and Marangoni force. 11, 18, 19 These droplets are stabilized either by the precipitated polymer or the adsorbed inorganic particles. In particle-assisted stabilization, the adsorbed particles placed at the water droplet-solvent interfaces are further transported into the three-phase contact line under hydrodynamic drag force. 20 The complete evaporation of the solvent and water leaves BF cavities decorated with particles. However, the physical and chemical nature of the adsorbed particles influences the pore morphology. There have been several efforts to utilize nanoparticles as BF components to form hybrid structured films Pickering emulsions along with the BF mechanism to achieve circular rings of hydrophilic silica particles on patterned films of linear PS. They studied the particle-assisted BF mechanism by varying the size, wettability and quantity of the particles. In this article, we report the formation of BF patterns with amino-functionalized cavities from a BF incompatible PS by incorporating amphiphilic-modified alumina nanoparticles. Alumina particles were modified with a mixed solution of aminopropyltriethoxy silane (AS) and vinyl triethoxysilane (VS) followed by the 'in situ' polymerization with the styrene monomer through the vinyl moiety. Interestingly, we observed that the presence of amphiphilic alumina particles could stabilize the BF array on the PS solution by the fluid directed self-assembly process. Moreover, the physical and chemical properties of the particles also play a vital role in deciding the pore morphology. The influence of particle concentration and the hydrophilic/ hydrophobic ratio of the particles on the pore morphology of the BF patterns gave an insight into the particle-assisted BF mechanism operating in the present system. We succeeded in fabricating the patterned polystyrene alumina hybrid nanocomposite film with amino-functionalized alumina particles embedded inside the cavity wall. We also demonstrated the preparation of free-standing patterned films using the present system. The films can find several applications since the amino functionality can be easily modified with several substances by post-modification of the cavity through the reactive amino groups. [29] [30] [31] [32] [33] 2. Experimental section
Materials
The materials used in this study were alumina powder (aps. 100 nm, Sumitomo Corporation, Japan), polystyrene (GPPS, local source), 3-aminopropyltriethoxysilane (AS), vinyltriethoxysilane (VS), styrene (Aldrich Chemicals), benzoyl peroxide (S.D Fine Chem Ltd, India), tetrahydrofuran (THF), chloroform (CFM) and carbon disulphide (CS2) (Synthetic reagents, Merck Specialties Pvt. Ltd, India).
Methods
Amphiphilic-modified alumina particles were prepared by treating the particles with hydrolyzed solution of a mixture of 3-aminopropyltriethoxysilane (AS) and vinyl triethoxysilane (VS) (3 wt% of alumina), followed by the in situ polymerization of styrene through the vinyl group. Styrene/alumina molar ratios were varied from 0.05 to 0.1. The AS/VS mixture of equimolar ratio in the ethanol-water mixture (95 : 5 v/v) (1 wt% solution) was magnetically stirred for 30 minutes. The hydrolyzed silane solution thus obtained was added to a 10 wt% alumina/ethanol-water suspension, which was pre-dispersed by sonication (Branson 3510 Sonicator, 100 W-40 Hz). The above mixture was then magnetically stirred for 24 h. The silane-modified particles were separated by centrifugation, washed with the ethanol-water mixture and dried at 60 1C.
Polymer modification was carried out by dispersing the silane modified particles in toluene containing a desired amount of styrene and benzoyl peroxide (0.5 wt% of styrene). Polymerization was initiated in a nitrogen atmosphere at 70-80 1C for 10-12 h while stirring the contents magnetically. The styrene-modified amphiphilic particles were coagulated by adding methanol and separated by filtration. The residue was washed with the methanol-toluene mixture to remove the free polymer and dried at 100 1C in an air oven.
Polystyrene-alumina (PSA) suspensions for micro-patterned composite films were prepared by dispersing the modified amphiphilic alumina particles in tetrahydrofuran (THF), chloroform (CFM) and carbon disulphide (CS2) solutions of PS. The amount of particles was varied from 0 to 4 wt% of polystyrene. The patterned films were prepared as follows. The PSA solution was mixed ultrasonically and drop cast (3 mL) on a glass slide within 2 minutes. It was then dried for solvent evaporation at ambient temperatures and humidity, followed by drying at 60 1C.
The amphiphilic-modified alumina particles were characterized by FTIR (Perkin Elmer Series FTIR Spectrometer-2), the organic content of styrene-modified alumina particles was determined using a thermo-gravimetric analyzer (TGA, Hitachi High-Tech STA 7200) and surfaces of the drop-cast residues were characterized by SEM (JEOL JSM-5600LV) using samples which were gold-coated by employing a JEOL JFC-1200 fine coater. Composite films with nonpatterned surfaces were characterized by XRD (Xeuss SAXS/WAXS system by Xenocs) and water contact angle measurements were performed using a Sigma 701 Tensiometer.
Results and discussion
Alumina particles used were nearly spherical in shape and showed strong crystalline peaks in XRD (ESI †). Polystyrene (PS) showed a molecular weight of B3.2 Â 10 5 , a polydispersity of B1.6, a water contact angle of 1011 and a broad peak at 2y E 201 in XRD due to its highly amorphous linear structure. Alumina particles treated with a hydrolyzed AS/VS mixture exhibited bifunctionality as a result of the coating of particles with inter-condensation products of AS and VS. FTIR spectra confirm the introduction of these functionalities by the absorption bands at 2925, 2855 and 1524 cm À1 for the amino propyl group, at 1641 cm À1 for the vinyl group and at 1130 cm À1 for
Si-O-Si stretching (ESI †). The lyophilic vinyl group was expected to promote the dispersion of the particles in PS solutions. However, its suspensions in THF, CFM and CS2 were highly unstable. The stability of the suspensions was improved by styrene modification of the particles which occurred through vinyl groups as confirmed by the absence of the bands due to the vinyl group in FTIR. Suspensions stable for more than 30 min. were used for film preparation. They were obtained by using a styrene to alumina molar ratio of 0.07 and above.
It should be noted that the styrene-modified particles (SA) with a styrene to alumina molar ratio of 0.07, 0.09 and 0.1 were used in the present study. The hydrophobic/hydrophilic ratio of these particles was B2, 2.6 and 4, respectively. (We calculated the hydrophobic/hydrophilic ratio of the particles from TGA analysis on the assumption that the AS and VS condenses on the particles in an equimolar ratio (ESI †)). In the following text the composites of these particles are referred to as Px( ySA) where 'P' stands for polystyrene, 'SA' for styrene-modified alumina, 'y' for the hydrophobic/hydrophilic ratio of SA particles and 'x' denotes the percentage of ySA particles in the composite. The effect of particle concentration on its dispersion in PS was studied by XRD analysis of Px(2SA) composite films with non-patterned surfaces (Fig. 1) . Whereas alumina particles exhibited intense peaks at 2y = 25.71 and 35.31 (plot A) due to particle-particle interaction, PS was XRD silent at 2y between 241 and 361 (plot B). In the composites, the peaks due to alumina were weak up to a particle concentration of 3wt.% (plots C and D) and then the intensity appreciably increased upon increasing the particle concentration to 4 wt% and 5 wt% (plots E and F). Composites with well dispersed crystalline nanoparticles generally show shallow and broad peaks for the particles and the peaks become dominant upon particle agglomeration. 34 The present results indicated that the size of the particles and particleagglomerates increased due to further agglomeration when particle loading exceeded 3 wt% of polystyrene.
The film from solution of neat PS in THF (15 mg mL À1 )
produced by drop casting and drying on a glass plate under ambient conditions did not show a BF pattern in accordance with the previous results (ESI †). 35 Addition of a desired amount of the modified alumina particles to the above solution produced regular BF patterns on the film. Fig. 2 shows variation in SEM images of Px(2SA) films from THF upon varying the particle content in the range of 2-4%. P2(2SA) showed irregular arrays of concavities while the microstructure became relatively uniform in P3(2SA) with concavities having a diameter close to that observed for the P2(2SA) film. A further increase in the particle concentration (P4(2SA)) resulted in a non-uniform microstructure with concavities having a wide range of diameters (Fig. 2c) . More specifically, the morphology of the patterns in the composite film was dependent on the particle concentration such that particle concentration around 3 wt% was critical to form the most closely packed arrays of concavities with a diameter in a narrow range. So as to understand the BF mechanism in the systems, we analyzed Px(2SA) composite films with plain surfaces which were obtained by casting and drying the suspensions in THF (15 mg mL À1 ) in a glove box. Water contact angle measurements on the films showed that the angle gradually decreased with increasing particle concentration. The angle gradually decreases from 1011 for PS to 941 for P2(2SA), 871 for P3(2SA), 821 for P4(2SA) and to 761 for P5(2SA). Hydrophilic properties of the composite surfaces increased with increasing particle concentration. Such a trend can be expected when the surface layer of the films carry an increasing amount of particles, exposing the hydrophilic amino groups at the surfaces. This was confirmed by treating the film with ninhydrin, which produced blue colored spots upon reacting with amino groups (ESI †). So far, several discussions on the particle assisted BF mechanism have been reported. [21] [22] [23] [24] [25] The ability of nanoparticles to assemble at the water-droplet/suspension interface by hydrodynamic drag force is well established. It should be noted that the BF stabilization by particles depends on the nature of the particles, the matrix polymer, the environmental conditions and the solvent used. In general, fast evaporation of the solvent from PSA suspension follows reduction in volume/thickness of the film at a rate higher than that of the particle settling rate. As a result, particles begin to appear in the surface layer even at the early stages of drying. Once the water droplet condenses on the surface of the suspension, the particles are adsorbed at the droplet-suspension interfaces. The stabilization of the water droplet occurred due to the adsorbed particles at the interfaces, which act as a mechanical barrier to coalescence. Fine dispersion of the particles upsurge the surface coverage and number density of the particles, while large agglomerates tend to settle down and the condition to be adsorbed at the interface is offset. The size of the water droplet indeed depends on the stabilization capability of the adsorbed particles. The stabilized droplets, along with the adsorbed particles, form BF patterns by hydrodynamic drag force and Marangoni force. Drying of water and the remaining solvent leaves concavities functionalized with particles. In the case of P2(2SA), the number of particles in the suspension was insufficient to stabilize the water droplets in a uniform manner to form regular hexagonal arrays. Practically, this was possible only by dispersing a maximum amount of particles in the suspension, as for P3(2SA). Any deviation from this resulted in a non-uniform pattern. Above the dispersion loading limit, particle agglomeration reduced the effective number of particle domains in the suspension. Apart from that, the large agglomerates were not easily carried with the water droplets towards the three phase contact line. This leads to irregular patterns with varying cavity size in P4(2SA).
Incompatibility of neat PS in THF to BF formation was due to the miscibility of THF with water droplets. 36 The system became BF compatible when particles were dispersed in it. The particles assembled at the diffusion layer of THF and water acted as a barrier to further dissolution, stabilizing the droplets. It should be noted that no particles are seen at the edge of the patterns, as they are preferably located at the interior of the cavity wall. Since the particles employed for the BF stabilization mechanism were partially hydrophobic-modified, they were partially immersed in the organic phase. Moreover, the high interfacial tension between the polymer and the water droplet forces the polymer precipitation around the droplet which creates a roof over every pore, which mask the underneath particles. 23 The SEM image of the cross-section of P3(2SA) film (Fig. 2d) showed such a roof, covering the larger interior cavity with a smaller cavity opening. Detection of amino functionalization inside the BF cavity was carried out by treating the BF patterned film with fluorescamine which is not florescent by itself but forms a florescent adduct upon reacting with primary amine.
8 Fig. 3 shows the fluorescence microscopy image of the P3(2SA) micropatterned film after treatment. The cavities were functionalized with amino groups of the particles which also proves that the particles segregate at the water droplet/PS interface during BF formation. The influence of the hydrophobic/hydrophilic balance of the amphiphilic-modified alumina particles on the pore morphology of BF patterns from THF was also investigated. Fig. 4 shows the SEM images of the patterns for P3(2SA), P3(2.6SA) and P3(4SA). We can see that 2.6SA particles help to achieve a better pattern than 2SA and 4SA particles, although the average pore diameter measured from the patterns was in a close range of 1.56-1.66 mm. On the other hand, the feature density increased from 14 Â 10 7 cm
À2
for P3(2SA) to 15 Â 10 7 cm À2 for P3(2.6SA), while P3(4SA) exhibited scattered morphology with a very low feature density of 6 Â 10 7 cm À2 . To be specific, the hydrophobic/hydrophilic balance of the particles played a significant role in determining the morphology of BF patterns. In order to explain the observed morphological variation, dispersion of the particles in PS/THF solution and suspension stability with increasing hydrophobicity of the particle have to be considered. Obviously, increased hydrophobicity improves dispersion of the particles in PS/THF solution thereby enhancing the number advantage of particles towards the water dropletsolvent interface. So the regularity and pore density increased with increased hydrophobicity of 2.6SA particles when compared to that of 2SA particles. The water miscible THF solvate the amino moiety and an electro-steric stabilization is likely to happen in these circumstances which promote the dispersion even at a low hydrophobic/hydrophilic ratio of 2 : 1. A further increase in the organic chain length as in 2.6SA particles increases the dispersity of particles indicated by an increase in the feature density of P3(2.6SA) drop cast film. Nevertheless, we are observing a defective pattern for P3(4SA) in contrast to an increase in the uniformity. As the hydrophobic ratio increases to 4 : 1, although effective dispersion was expected, the stabilization capability of particles at the BF interface is reduced. This might be due to the fact that enhanced interaction between 4SA particles and the PS/THF solution is expected due to the increased chain length, so the highly hydrophobic 4SA particles reside more on the solvent phase in the diffusion layer of THF View Article Online and condensed water droplets. This resulted in diffusion layer enlargement leading to an irregular pattern. This made us to conclude that there should be a balance between the hydrophilic to hydrophobic ratio for the particles to stabilize the water droplets effectively in polar solvents like THF. Sun et al. 23 reported that by increasing the quantity of alcohol in a suspension of silica particles, the regularity of BF patterns in PS from chloroform altered due to an increased amount of particles at the interface. This was attributed to alcohol, which served as a 'solvent surfactant'. In the present case, the amphiphilic-modified alumina particle itself behaves as a 'particle surfactant' and the adsorption at the BF interface depends on various factors like size, shape, concentration and wettability of the particle. When amphiphilic particles are used, the change in interactions of the particles with the polymer upon varying the hydrophobic/hydrophilic balance also should be considered for explaining the variations in BF patterns. P3(ySA) from chloroform followed a different trend from that observed for the films from THF. Fig. 5 shows the SEM images of P3(2SA), P3(2.6SA) and P3(4SA) films. In contrast to their counterparts from THF, the pore size decreased, uniformity and feature density of BF patterns increased with the organic chain length. P3(2SA) showed an irregular pattern with an average pore size of 3.3 mm, while the average pore size decreased to 1.7 mm for P3(2.6SA) and 1.5 mm for P3(4SA) composite films.
It should be noted that the pore interval decreased with the hydrophobicity of particles, which remarkably increases the feature density. The hydrophilic amino moiety which is incompatible with the non-polar solvent always promote the capillary movement of particles towards the BF interface. The water immiscible nature of chloroform creates a sharp boundary at the interface where the particles align with its hydrophilic amino part into the water phase and the polymeric chain in the solvent phase. Highly irregular patterns with large cavities were formed on the hybrid film with 2SA particles in CFM in contrast to its analogy in THF. This could be due to the less achievement of effective dispersion of modified particles with a hydrophobic/hydrophilic ratio of 2 : 1 in PS/CFM solution. Dispersion of the amphiphilicparticles occurs by steric repulsion from PS segments bound to the particles. Obviously, improvement in dispersion with increase in hydrophobicity and lack of electrostatic interaction between the solvent and the particles resulted in desired results for the P3(4SA) system. Moreover, the number of particles stabilizing the water droplets increases and the pore size decreases accordingly. This was confirmed by using another non-polar solvent carbon disulphide (CS2) for the preparation of BF patterned films. Fig. 6 shows the SEM images of drop cast film of composites P3(2SA), P3(2.6SA) and P3(4SA) from CS 2 . As expected the change in the pattern followed a similar trend as observed for the film from CFM. Hence, it is concluded that in nonpolar solvents, the amphiphilic nature of the particles is important but an increase in the hydrophobicity of the particles increases the uniformity and pore density until a maximum dispersion limit and further enhancement in hydrophobicity did not show appreciable refinement in the microstructure.
The pore size and feature density measured from the images of the BF pattern using imageJ are summarized in Table 1 . It can be seen that the most uniform patterns, i.e. P3(2.6SA) from THF and P3(4SA) from CFM and CS2, exhibited nearly identical pore size. Generally, cavity size depends on the equilibrium size of the water droplets which in turn depends on the concentration of the solution, evaporation rate of the solvent, relative humidity and the stabilization capability of the particles. 37 A slightly higher cavity size for the film from THF can be attributed to its miscibility with water droplets. Low miscibility with water and fast evaporation of non-polar solvents generally lead to concavities having a smaller diameter and lower pore density. The identical cavity size in the present case can be due to the achievement of a desired level of stabilization capability of the particles and their dispersion in the solvents to the same extent by particle surface modification. Fig. 7 shows the photograph of micropatterned film of 3.0 cm diameter by casting the composite suspension in CFM in a Petri-dish and drying under ambient conditions, proving that the present method also offers a facile route for the preparation of free-standing large size micropatterned films. Increased rigidity due to the inorganic phase 38, 39 could be an added advantage of the present system. Although the present work is carried out on a glass substrate, which facilitates the easy removal of the patterned film, we also investigated the effect of the substrate by drop casting the composite solutions of THF and CFM on a polypropylene (PP) film. PSA/CFM solution could achieve a regular BF array with an average cavity size of 2.4 mm in the PP film. PSA/ THF solution does not produce any regular pattern. Further investigations are going on with the PP film.
Conclusions
Micropatterned polystyrene-alumina nanocomposite films with two-dimensional arrays of amino-functionalized concavities have been prepared from suspensions of amphiphilic-modified alumina particles in polystyrene solutions by the particle-assisted breath figure method. The influence of particle concentration and the hydrophobic/hydrophilic balance of the amphiphilic-modified alumina particles on the BF pattern from polar and nonpolar solvents was studied. A relatively uniform microstructure was obtained at maximum particle dispersion-loading and using particles having a different hydrophobic/hydrophilic balance for polar and non-polar solvents. The method offers a facile route for fabricating free-standing large-size micropatterned nanocomposite films with amino-functionalized concavities.
The applicability of the present investigation lies in the amino functionality inside the cavity, which can be post-modified for various biological and catalytic applications. 
